Background: This phase I/II study examined the safety and efficacy of Sepantronium Bromide (S), a small-molecule selective survivin suppressant, administered in combination with carboplatin (C) and paclitaxel (P).
introduction
The success of anticancer therapies is often limited by the development of resistance, which may result from defects in the apoptotic pathways [1] . Inhibition of survivin in tumor cells has been proposed as a mechanism to promote both spontaneous apoptosis and to enhance tumor cell response to apoptosis induced by chemotherapy [2] . Survivin is a member of the family of inhibitors of apoptosis proteins (IAPs) [3, 4] of which eight members are known, including X-linked inhibitor of apoptosis (XIAP), cIAP1, cIAP2, NAIP (NLR family, apoptosis inhibitory protein), Livin, ILP2 (IAP-like protein 2), BRUCE and surviving [5, 6] . Survivin has been implicated in both cell survival and regulation of mitosis in cancer [7, 8] and has consistently been identified by molecular profiling analysis to be associated with higher grade more advanced disease, abbreviated survival, accelerated rates of recurrence and chemotherapy and radiation resistance [9] [10] [11] . Survivin is preferentially and highly expressed in cancer cells, with little expression in most normal nondividing adult tissues making it a therapeutic target of interest [7] .
YM155 (sepantronium bromide), a small imidazolium-based compound (1-(2-methoxyethyl)-2-methyl-4,9-dioxo-3-( pyrazin-2-ylmethyl)-4,9-dihydro-1H-naphtho [2,3-d] imidazolium bromide) was originally identified by highthroughput screening of chemical libraries for inhibitors of activity of the survivin gene promoter using a survivin promoter luciferase assay [12] . The mode of action of sepantronium bromide has been demonstrated to be mediated through a 2-Kb promoter region of the survivin gene. Treatment with sepantronium bromide causes the dissociation of the paraspeckle regulatory 54-kDa nuclear RNA-binding protein ( p54  nrb ) from interleukin enhancer-binding factor 3 (ILF3),  which results in different subcellular localizations of ILF3  and p54 nrb , which ultimately results in survivin downregulation [13, 14] .
Preclinical studies involving sepantronium bromide showed inhibition of survivin at both the mRNA and protein levels and exhibited impressive anticancer activity in mouse models [12] . Phase I studies carried out to date have involved administration of sepantronium bromide as a single agent via continuous intravenous infusion (CIVI) over 168 h every 3 weeks. The maximum tolerated dose (MTD) has been determined as 4.8 mg/m 2 /day in the US population and 8 mg/m 2 /day in Japanese patients [15, 16] . A phase II trial investigated sepantronium bromide 4.8 mg/m 2 /day × 168 h in 37 patients with advanced NSCLC who had progressive disease after platinum-based therapy. Single-agent sepantronium bromide was well tolerated and had a modest response rate of 5.4% [17] . It has been recently demonstrated that sepantronium bromide acts in a synergistic manner to promote the induction of apoptosis by platinum compounds both in vitro and in vivo in NSCLC cell lines and with taxanes in prostate cancer [12, 18] . This is the first completed trial whereby a small molecule survivin suppressant (sepantronium bromide) has been combined with carboplatin and paclitaxel and administered over a shorter time period of 72 h CIVI.
patients and methods

patient population
Eligible patients on the phase I part of the study had pathologically confirmed solid malignancies refractory to standard therapy or for whom no standard therapy existed. Patients were not allowed to have had more than one line of prior chemotherapy but there was no limit to the amount of prior targeted therapy received. The phase II part of the study enrolled only patients with stage IV NSCLC who had received no prior chemotherapy (for additional eligibility criteria, see supplementary text, available at Annals of Oncology online).
study drugs and trial design
In the phase I component, patients received escalating doses of sepantronium bromide from 3.6 to 12 mg/m 2 administered by CIVI over 72 h in combination with standard doses of carboplatin (AUC6) and paclitaxel (200 mg/m 2 ). As sepantronium bromide had not been previously been combined with carboplatin or paclitaxel before commencing this study, the starting dose of 3.6 mg/m 2 was less than the MTD determined in previous phase I and phase II studies which had evaluated single-agent sepantronium bromide administered over 168 h. The 72-h infusion schedule was selected based on favorable pharmacokinetics observed in previous phase I trials, and that it provided a more feasible, patient-friendly schedule than a 168-h infusion. Preclinical data have demonstrated that the efficacy of sepantronium bromide can be maintained with a 3-day infusion when compared with a 168-h infusion (Astellas, not published) (see supplementary text, available at Annals of Oncology online).
drug administration
The starting dose of sepantronium bromide was 3.6 mg/mg 2 Sepantronium bromide was supplied in vials containing 30 mg of the drug in 3-ml lactic acid based buffer ( pH3.6), and it was prepared for administration in a controlled light and temperature environment (for additional details, see supplementary text, available at Annals of Oncology online).
study assessments
The primary end point of the phase II study was objective tumor response. Tumor assessment was done by CT on days 18-21 every two cycles.
Response evaluation was according to RECIST 1.1 [19] . Additional efficacy variables included progression-free and overall survival (PFS and OS).
pharmacokinetics
In the phase I study, plasma samples were collected on multiple time points during cycle 1, including immediately before starting sepantronium bromide, 1, 2, 4, 8, 24 and 48 h after starting sepantronium bromide and at the end of the infusion and after 30 min, 1, 2, 4, 8, 24 and 48 h. Plasma concentrations of sepantronium bromide were determined using liquid chromatography coupled with mass spectrometric detection (LC-MS). The pharmacokinetic parameters were evaluated by compartmental analysis using WinNonlin 5.3 (Pharsight Corporation, Mountain View, CA) [20] . Plasma sepantronium bromide concentration-time profiles for each patient during cycle 1 were analyzed individually. The primary pharmacokinetic descriptors estimated were area under concentration-time curve extrapolated to infinity (AUC0-∞), steady-state concentrations of sepantronium bromide (Css), terminal half-life (T 1/2 ), volume of distribution at steady state (Vss) and clearance (CL).
pharmacodynamics
Blood samples were taken before commencing study and throughout all cycles on day 1 and day 4 (before and post 72-h sepantronium bromide infusion) to determine whether biomarkers could be associated with a clinical response. Serum values of M30 apoptosense (a caspase-3 cleavage product of cytokeratin 18) were measured in an effort to determine the rate of apoptosis. Preclinical data had shown that suppressed survivin expression correlates with a decrease in angiogenesis and hence IL8 and VEGF were measured. The KRAS status of tumor tissue was also evaluated at baseline as pathway mapping from global expression microarray studies had suggested that the MAPK pathway may be a resistance pathway that tumor cells use to escape the proposed combination treatment with sepantronium bromide (Astellas, unpublished). Mutation analyses were carried out on paraffin embedded tumors using pyrosequencing (PyroMark Q24, Qiagen, Valencia, CA) to detect the most common point mutations, and capillary gene electrophoresis to detect small deletion/insertions [21] . For KRAS, all potential mutations involving codons 12, 13 and 61 were assessed.
statistical methods
The primary objectives of this study were to conduct a phase I trial to determine the maximum tolerated dose (MTD) of sepantronium bromide when combined with standard dose levels of carboplatin and paclitaxel, and to determine in a phase II study if this drug combination was associated with an objective response rate which exceeds that of 15% historically seen with carboplatin and paclitaxel alone in patients with stage IV NSCLC [22] . The initial portion of the trial was a phase I dose escalation study using a standard 3 + 3 design to determine a MTD over six dose levels of sepantronium bromide (3.6-12 mg/m 2 ). The phase II trial was conducted using a Simon two-stage optimal design in order to rule out an unacceptably low 15% response rate (PR+CR), in favor of a modestly high response rate of 35% (for additional statistical methods and for correlative studies method of analyses, see supplementary text, available at Annals of Oncology online).
original articles Table S1 , available at Annals of Oncology online for phase I toxic effect). Treatment with carboplatin, paclitaxel and sepantronium bromide (10 mg/m 2 ) was generally well tolerated in the phase II section. Grade 3/4 adverse events are listed in Table 2 . Hematological toxic effects were the most common adverse event with 47% of patients having grade 3/4 neutropenia or lymphopenia. No subjects discontinued treatment of an adverse event.
pharmacokinetics Pharmacokinetic profiles were available in 21 of 22 patients on the phase I part of the study. Plasma sepantronium bromide concentrations versus time profiles are shown in Figure 1 . Dose proportionality of sepantronium bromide and pharmacokinetic parameters are shown in supplementary Table S2 and Figure S1 available at Annals of Oncology online. After the end of infusion, the plasma concentrations of sepantronium bromide declined rapidly in a biphasic manner, and the two-compartment model best described the PK profiles of sepantronium bromide. At the MTD of 10 mg/m 2 , the geometric mean terminal half-life and CL was ∼33 h, and 74 L/h, respectively.
efficacy
Of the 22 subjects treated on the phase I study, 16 were assessable for response as they had completed at least two cycles of therapy and had a restaging CT post cycle 2. Of the six patients who were not considered assessable, one patient had a TIA that was not considered drug related, two died after cycle 1 secondary to disease progression and an unexplained death (as discussed in DLT section), one did not have measurable disease (Figure 2 ). Only two partial responses [11%, 95% confidence interval (CI) 1.3% to 33.1%], one in adenocarcinoma and one in squamous cell carcinoma were seen, and 15 (75%) patients had stable disease ranging from 6 weeks to 9 months. Median survival was 16.2 months; 12-month OS is 87% (95% CI 62.1% to 96.3%). Median PFS was 5.7 months ( Figure 3) ; 3-month PFS probability is 79.0%. Median follow-up for surviving patients is 10.2 months. Median potential follow-up (from on-study until date of analysis) is 15.3 months. KRAS and EGFR mutations were found in 16% and 5% of patients, respectively, but the mutational status was not associated with response.
pharmacodynamics Biomarker analysis included all phase II patients. Baseline values of M30 apoptosense, IL8 and VEGF, values of these markers from cycle 2, day 4 (C2D4) measurements and changes between baseline and C2D4 were compared for their association with response. There was no association between any of these biomarkers, or the changes in their levels and response rate (supplementary Table S3 , available at Annals of Oncology online).
discussion
Survivin has often been implicated in conferring tumor resistance to both chemotherapy and radiotherapy by antagonizing apoptosis independently of caspase activation by binding to other adaptor or cofactor molecules [3] . This phase I/II trial is the first completed study to our knowledge that has combined a small molecule survivin suppressant, sepantronium bromide (administered over 72 h), with chemotherapy in an effort to maximize apoptosis. Previously published studies have suggested that sepantronium bromide should be given with cytotoxic chemotherapy, and preclinical data have indicated significant synergy between sepantronium bromide and both platinums and taxanes [18] . The results of this study are disappointing given the observed response rate of 11% in patients treated at the MTD of 10 mg/m 2 dose of YM155 with standard doses of carboplatin and paclitaxel is below historical response rates of 15% seen with carboplatin/paclitaxel alone in patients with metastatic non-small-cell lung cancer [22] ). The confidence intervals are broad, and they do not cross our goal of a 35% response rate; however, response rates are considered a poor surrogate for survival, and we did see a prolonged median survival of 16.2 months. The 1-year OS probability of 87% is in fact very high but may be explained by small patient numbers and the relatively short follow-up time. In addition, following the six cycles of treatment on this trial, many patients with nonprogressive disease were enrolled in an International multicenter, randomized, double-blinded, placebo-controlled study involving a vaccine maintenance therapy. We do not feel that the lack of response was due to the shorter infusion time or as a result of drug scheduling. The 7-day infusion that has previously been evaluated [15] [16] [17] has proved extremely arduous on patients in the clinical setting. Preclinical data have demonstrated that the efficacy of sepantronium bromide can be maintained with a 3-day infusion when compared with a 168-h infusion (Astellas, not published). Furthermore, preclinical modeling employing Calu-6 lung cancer xenografts has demonstrated that the concomitant administration demonstrated a slightly enhanced efficacy when compared with other drug schedules (Astellas, not published). The combined treatment was well tolerated, and we did not see toxic effects similar to those observed in the previous phase I studies involving sepantronium bromide administered over 168h CIVI . A drug-induced death secondary to pneumonitis was observed in one patient but pneumonitis of any grade did not occur in the other 40 patients treated on study. The plasma exposure of sepantronium bromide appeared linear across the dose range tested (supplementary Figure S1 , available at Annals of Oncology online). There was however an apparent increase in PK parameters (CL and Vss) at higher doses. This potential change in PK behavior may have contributed to reaching the maximum tolerable dose at 10 mg/m 2 . The Css of sepantronium bromide when administered in combination with carboplatin and paclitaxel are similar to previously published data [15, 16] .
In an effort to determine the rate of apoptosis with sepantronium bromide, a previous phase II trial in NSCLC evaluated mean mRNA expression levels of survivin in peripheral blood mononuclear cells (PBMCs) [17] , and in this trial, we evaluated serum levels of M30 (a caspase-3 cleavage product of cytokeratin 18). To date, no association has been established between survivin downregulation in PBMCs and changes in serum levels of M30 and response rate. Establishing predictive biomarkers for apoptotic pathway targeted therapy remains a significant challenge and discovery and validation will have to be tailored to the known mechanism of action of a certain agent in a certain disease. Successful targeting of survivin may be more difficult to measure than Bcl-2 or TRAIL as survivin acts as a nodal protein linking multiple pathways and in addition to regulating apoptosis, it is a regulator of cell division, a stress response factor and a promoter of tumorassociated angiogenesis [3] . Although this is not a randomized study, there did not appear to be a significant improvement in response rate when sepantronium bromide was administered in combination with standard doses of carboplatin and paclitaxel in unselected patients with metastatic NSCLC. Drug combinations targeting several components within apoptotic pathways may be more effective, and additional research to help unravel the complicated web of signaling interactions is required if we are to gain further insight into programmed cell death. 
